INTRODUCTION
The interaction of central commands and segmental afferent input during walking in the cat was described by Engberg & Lundberg (1969) . They found that electromyographic (e.m.g.) activity in extensors of the leg begins 5-10 msec before the foot touches the ground. This activity is therefore not initiated by stretch of the extensors at the start of the stance phase. Rather, it is a centrally programmed event, anticipating stance, organized at spinal and probably supraspinal levels. A similar conclusion was drawn by Melvill Jones & Watt (1971 a) , who reported observations on the e.m.g. activity of gastrocnemius in man during a single downward step. They found that activity begins before contact with the ground. In addition they found no evidence that long loop stretch reflexes were concerned in landing. In order to test the hypothesis that the response before landing was pre-programmed centrally they dropped R. GREENWOOD AND A. HOPKINS subjects suspended from an electromagnet at unexpected moments (Melvill Jones & Watt, 197; b) . They found a consistent response in gastrocnemius beginning about 74 msec after release. They suggested that this response originated from the otolith apparatus due to the change in acceleration at the onset of fall.
Since the latency of gastrocnemius e.m.g. was 74 msec and the electromechanical coupling time 28 msec, they suggested that falls of less than 102 msec (5.1 cm) do not allow sufficient time for build up of tension in the muscles concerned with decelerating the body, so that the body is jolted on landing from short falls. Falls of over 5-1 cm allow some build up of muscle tension, and they suggested that after about 195 msec voluntary control of muscle activity results in a 'truly comfortable, well controlled landing'.
However, Melvill Jones & Watt only studied gastrocnemius activity during free fall from heights of up to 20 cm, which last about 200 msec. We have studied the activity in a number of muscles in subjects dropped from greater heights. Our findings suggest that the contribution of the response described by Melvill Jones & Watt during unexpected fall to deceleration on landing is coincidental. This response is probably related to the startle response. Voluntary control of landing is manifest by a second peak of activity following this initial, or startle, response. We have found evidence that the vestibular apparatus is involved in the initiation of this response. A preliminary report of some of these findings has been published elsewhere (Greenwood & Hopkins, 1974) .
METHODS
Normal volunteers were suspended in a parachute harness by a rope passing through freely running pulleys to a metal plate held by an electromagnet (Fig. 1) . The distance of the subjects' toes above the landing platform could be varied by an electric winch. Subjects were instructed to concentrate their attention on the landing platform while hanging before the fall. Switching off the current to the electromagnet resulted in an unexpected fall after a delay of about 500 msec due to decay of the magnetic field. The exact moment of release was indicated by a microswitch operated by separation of the plate from the magnet; this triggered a crystal controlled oscillator (Devices Digitimer 3290). The moment of landing was also indicated by a microswitch located in the landing platform. Sometimes the angle of the ankle or knee during the fall was measured by means of a potentiometer. In other experiments the subject hung by his hands from a bar attached to the electromagnet. He could either let go of this voluntarily, the moment of release being indicated by an accelerometer, or alternatively the bar itself was released unexpectedly using the electromagnet. E.m.g. activity was recorded using 8 mm silversilver chloride surface electrodes placed 20 mm apart over the muscle under study. To minimize movement artifacts, signals were amplied by small pre-amplifiers strapped to the limb. These were then further amplified and filtered and also rectified and integrated. The integrator (Devices Signal Processor/Audio Unit 4010) was re-set every 20 msec by a Devices Gated Pulse Generator 2521 so that the amount of activity in each epoch could be measured. All signals were displayed on a Tektronix D13 oscilloscope, photographed and enlarged for measurement.
The time taken for a fall from a given height was found to be slightly greater than the calculated time for free fall using Newtonian physics. Although this disparity could have been due to movements of the limbs during fall, we found that the duration of the fall from a given height was the same for both a subject and for lead weights of the same mass. We therefore concluded that the acceleration during falls was slightly decreased by friction and inertia in the system to about 0 9 g. Fig. 1 . The apparatus used to study muscle activity during unexpected falls in man. Separation of the magnet triggered the crystal controlled oscillator.
The height of each fall in any experiment was varied randomly. The first four falls in each experiment were rejected. In some experiments auditory cues of release, consisting of the noise of the plate separating from the electromagnet, were excluded by adding a randomly variable electronic sound delivered through head-phones, and visual cues of the moment of release were excluded by a blindfold.
Four subjects with defective labyrinthine function were examined with their understanding and consent. One (P.M.), whose name was given to us by Dr P. A. Merton, was also studied by Matthews & Whiteside (1960) during seated falls.
Case reports:
(1) P.M., a man of 41 years, developed a pseudomonas meningitis due to chronic otitis media in 1948. During a 13-day period he received 17 g intramuscular and 1-3 g intrathecal streptomycin. A left radical mastoidectomy was performed. He was unsteady immediately following the illness but there were no other neurological signs. At that time no nystagmus could be induced by irrigation of the external auditory meati with water at 0°C. A recent repeat irrigation with water at 00 C produced a minimal response from the right ear, and no response from the left.
Impulsive rotation to the right and left at 40 and 60'/sec resulted in nystagmus to the right and left respectively lasting only 2-4 sec. Normally such rotatory accelerations produce nystagmus lasting 30 sec. Hearing was essentially normal.
(2) W.B., a man of 53 years, complained in 1970 of unsteadiness in the dark. On three occasions he found himself to be disorientated while swimming under water. Examination in 1970 showed 'minimal residual left labyrinthine function'. It was thought that this was due to an unknown amount of streptomycin received during treatment of a septicaemia in 1954. Recent caloric testing, using water at 00 C, showed no response from either ear. Impulsive rotation to the right at 60'/sec produced nystagmus to the right for 3-4 sec only on rotation to the right. No nystagmus was produced on impulsive rotation to the left. Hearing was essentially normal.
(3) J.W., a man of 18 years, developed a.pneumococcal meningitis in 1967. He was unconscious for 10 days. At this time he received 14 g intramuscular and 0 4 g intrathecal streptomycin. Since then he has had occasional grand mal and atonic seizures. Recent testing revealed absent caloric responses bilaterally to water at 00 C. No nystagmus was produced by impulsive rotation to the right and left at 60I/sec. This subject had a total perceptive deafness.
(4) D.E., a man of 34 years, developed episodes of vertigo and oscillopsia in 1968. Over the next five years there was a gradual decline in the duration of the nystagmus produced by caloric testing with water at 0°C. For the last year he has had no further attacks. Recently, there was no response at all to water at 00 C, nor was there any response to impulsive rotation to the right and left at 60'/sec. Hearing was essentially normal. We do not know the cause for this man's illness.
RESULTS
Subjects hanging in the parachute harness were relaxed and no activity was recorded from soleus before release. Fig. 2 shows the record of a typical experiment for an unexpected free fall from 95 cm. After release there is, initially, no activity in soleus; then a burst occurs with about the latency described by Melvill Jones & Watt (1971 b) in their study of falls lasting up to 200 msec. However, the longer falls that we have studied show that this initial burst of activity terminates by about 200 msec. There is then a period of relative silence followed by a second peak of activity before landing. Our evidence suggests that these two peaks are different phenomena and descriptions of each are given separately.
The initial peak
Unexpected free fall
The mean latency of onset of the initial peak in soleus for falls of 20 cm was 81-6 msec (S.E. of mean = 1'0 msec, n _ 32 was not significantly different. The latency of the maximum and end, and amplitude of the initial peak were also not related to the height of fall. In a few subjects, the amplitude of the initial peak was greater for the first one or two than for subsequent falls but after this no habituation occurred, even after as many as thirty falls. As noted in Methods, the first four falls during each experiment were rejected. The distribution of e.m.g. activity in muscles other than soleus was also studied. All muscles that we have examined, whether flexor or extensor, show a period of silence after release followed by a burst of activity as was found in soleus. This is illustrated in Fig. 3 which shows the response from four muscles during an unexpected fall from 20 cm. Although the amount of activity in biceps was not great, in other muscles, notably the periocular muscles, the burst of activity was as large as in soleus, using a similar interelectrode distance. Table 1 shows the latency of onset of e.m.g. in a number of muscles throughout the body during unexpected falls from 20 cm in five subjects.
Voluntary release compared to an unexpected fall If the subject released himself voluntarily, by letting go of a bar, an accelerometer indicating the moment of release, it was found that the initial peak was almost absent in three subjects during falls from 20, 55 and 80 cm in all muscles examined including the periocular muscles (Fig. 4) In falls from more than about 20 cm there was a period of relative silence between the end of the initial peak and a second burst of activity which we have called the second peak. The latency of onset of the second peak was often poorly defined but when a clear distinction was seen the second peak began about 200-300 msec after release. The onset was never seen earlier than 200 msec after release. The timing of the maximum of the second peak, defined as the start of the largest epoch in the second peak, was not related to the timing of release, occurring later in falls from greater heights. However, inspection of the data showed that it occurred at a consistent time before landing in falls between 50 120 cm (Fig. 5) . The maximum was followed by a short period of diminished e.m.g. activity before landing.
The distribution of e.m.g. activity in muscles other than soleus was examined during free falls lasting more than 200 msec. The second peak was found to occur consistently in flexors and extensors of the knee and ankle. However, in the periocular muscles, biceps and forearm extensors the second peak was not consistently seen. This is illustrated in Fig. 3 which shows a second peak of e.m.g. activity in soleus but not in the periocular or arm muscles before landing. Time after release (mnsec) Subjects with absent labyrinthine function Experiments were performed on each patient, whose clinical details are described in Methods, with and without blindfolding and the exclusion of auditory cues. The response in each subject to a short free fall is shown in Fig. 6 .
The latency and characteristics of the initial and second peaks of muscle activity in subjects P.M. and W.B., who had minimal responses on caloric or rotational testing, or both, were the same as in normal subjects, despite exclusion of visual and auditory cues. Subjects D.E. and J.W. had no response to caloric and rotational tests. The initial peak of muscle activity was never seen in J.W., who was totally deaf. It was present in ID.E. but disappeared when all auditory cues were excluded. In these two subjects, during 20-25 cm free falls, muscle activity in soleus and the periocular R. GREEN WOOD AND A. HOPKINS muscles showed a variable latency. Activity in soleus gradually increased until landing occurred (Fig. 7) . This abnormal response was the same whether J.W. or D.E. were blindfold or not. (They had previously inspected the height of fall.) During free falls from 50 cm muscle activity in soleus was not divided into two peaks, as in normal subjects, but instead soleus activity increased to a single peak up to the moment of landing, much as the second peak of activity in normal subjects.
DISCUSSION
The results of these experiments show that the pattern of e.m.g. activity during an unexpected fall in man only becomes clear during falls lasting more than about 200 msec. There is initially a widespread burst of e.m.g. activity throughout the body which is present in all muscles that we have studied. This initial peak begins between about 60 and 90 msec after release in muscles of the upper and lower limbs and lasts up to about 200 msec after release. In falls of sufficient duration a period of relative silence is then seen, followed by a second peak of activity only in muscles of the lower limbs. This second peak is timed to occur before landing. The short falls, lasting for only 200 msec or less, employed by Melvill Jones & Watt (1971 b) revealed only the initial peak.
Since the initial peak occurs during free falls from 120 cm (520 msec), when clearly the activity of the initial peak is superfluous to landing, release rather than landing is implicated in its genesis. Any deceleration on landing during the initial peak due to tension in the leg muscles may therefore be, at least in part, coincidental. In support of this we have found activity in muscles which are not obviously concerned with landingthe periocular muscles.
The presence of this activity in periocular muscles suggests to us that the initial peak of activity is the electrical counterpart of a startle reaction in response to release. The startle reaction was described and recorded photographically by Strauss (1929) and Landis & Hunt (1939) . The latter authors emphasized that the startle reaction is an integrated motor response, the pattern of which is relatively independent of the type of sudden afferent input. They found that the startle reaction was variably inhibited if the subject triggered the stimulus himself. In our experiments, the initial peak was absent if the subject released himself. They also found that the most consistent component of the response was the blink reflex. The consistent activity in the periocular muscles during fall occurs with a latency (about 38 msec) similar to that of the second component of the blink reflex recorded with surface electrodes after a loud sound (Suhren, Bruyn & Tuyman, 1966; Shahani, 1968 
